Introduction releases neurotransmitter transiently. Maintained depolarization caused an increase in membrane surface area Neurons transfer signals at synaptic junctions by the that reached a maximum after 180 ms and recovered in exocytosis of synaptic vesicles containing neurotransseconds (von Gersdorff and Matthews, 1994a) . The rise mitters (Katz, 1966) . After vesicle fusion, the membrane in capacitance required at least 20 M Ca 2ϩ (Heidelis retrieved by endocytosis and the synaptic vesicle is berger et al., 1994) . These observations were interpreted refilled with neurotransmitter (Kelly, 1993; as reflecting transient exocytosis of a limited vesicle al., 1995). Fast-acting neurotransmitters, such as glutapool through the action of a low affinity Ca 2ϩ sensor. mate and ␥-aminobutyric acid, are packaged in clear However, the capacitance technique only measures net vesicles less than 50 nm in diameter. In neurons that changes in membrane surface, which can make it diffifire action potentials, secretion of these small vesicles cult to differentiate exocytosis from endocytosis if both occurs as a transient burst lasting just the few millisecprocesses occur simultaneously (Smith and Betz, 1996) . onds that voltage-dependent Ca 2ϩ channels open in reTo investigate the possibility of a continuous vesicle sponse to a spike (Katz and Miledi, 1967; Llinas, 1982) .
cycle, we used the fluorescent dye FM1-43 to label vesi-A variety of experiments demonstrate that transient exocles in the synaptic terminal of depolarizing bipolar cells cytosis requires Ca 2ϩ levels of the order of 100 M, from the goldfish retina. The use of FM1-43 to stain which can only occur within 10 nm of an open Ca 2ϩ synaptic vesicles was first introduced by Betz and colchannel (Adler et al., 1991; Llinas et al., 1992; Stanley, leagues using the frog neuromuscular junction, and it 1993; DeBello et al., 1993) . However, the processes conhas since been applied to a number of preparations trolled by Ca 2ϩ during the cycling of small vesicles are (reviewed by Betz et al., 1996) . Our strategy was to still unclear, in part because simultaneous measuremonitor uptake of the dye into vesicles during endocytoments of Ca 2ϩ and vesicle behavior are difficult to carry sis, and then loss of the dye during exocytosis. Ca 2ϩ -out in synaptic terminals (Betz and Wu, 1995; Fesce et dependent exocytosis was not transient, but continuous al., 1994) .
for periods of minutes at rates estimated to be up to One of the most direct approaches for studying secre-3800 vesicles per s. Release of caged Ca 2ϩ while simultion has been to detect changes in membrane surface taneously monitoring cytosolic Ca 2ϩ indicated that conarea associated with exocytosis and endocytosis by tinuous exocytosis could be stimulated by sub-micromeasuring membrane capacitance using the patchmolar levels of Ca 2ϩ at rates similar to those measured clamp technique (Penner and Neher, 1989) . This method during maintained depolarizations. Our results indicate has allowed the Ca 2ϩ dependence of vesicle cycling to that the bipolar cell terminal is specialized for continuous release of neurotransmitter. be studied in neuroendocrine cells releasing slow-acting
Results
again) was only 7% greater than the initial fluorescence associated with the plasma membrane, a change that is within the variability of the measurements. Thus, the Use of FM1-43 to Monitor Continuous Endocytosis Intact cells were depolarized to 0 mV in the presence fluorescence increase during the application of Ca 2ϩ was almost completely associated with endocytosed of 50 mM KCl, as in Figure 1 . Figure 1A shows a series of fluorescence images obtained with a CCD camera dye. This dye was retained until Ca 2ϩ was reapplied, when there was a continuous decrease in fluorescence. and Figure 1B plots the total fluorescence in the synaptic terminal and a region of the cell body during the course The loss of fluorescence was rapidly and reversibly blocked by removal of Ca 2ϩ , indicating that it was due of the experiment. Adding 10 M FM1-43 to the external solution rapidly stained the plasma membrane of the to labeled vesicles expelling their dye after undergoing exocytosis. The constancy of the fluorescent signals whole cell ( Figure 1A , image b), but there was no further increase in fluorescence in the absence of Ca 2ϩ ( Figure  measured in the absence of Ca 2ϩ indicated that there was no appreciable photobleaching of the dye. 1A, image c and Figure 1B) . Addition of 2.5 mM Ca 2ϩ immediately caused the fluorescence within the terminal
The results in Figure 1 and Figure 2 demonstrate that there is a continuous cycle of exocytosis and endocytoto increase, but the fluorescence in the cell body was unaffected ( Figure 1A , images d and e). Over a period sis localized to the synaptic terminal of the bipolar cell that is balanced over the time-scale of 1 min and under of 5 min, the fluorescence of the terminal saturated at five times that associated with the plasma membrane the strict control of Ca 2ϩ . When the FM1-43 signal saturated (see Figure 1 ), all cycling vesicles must have been ( Figure 1B ). Removal of Ca 2ϩ rapidly and reversibly blocked uptake of FM1-43 ( Figure 1B ). FM1-43 cannot labeled so that the rates of dye uptake and loss were balanced. Similar behavior was observed in over 50 cells cross membranes, so the fluorescence of the synaptic terminal must reflect either an increase in surface area tested in this way. or accumulation of dye in internal membranes. However, the fluorescent images indicated that the size of the Quantifying Rates of Vesicle Cycling terminal was relatively constant.
Uptake of FM1-43 by endocytosis was large compared When FM1-43 and Ca 2ϩ were removed simultaneto the fluorescence associated with the plasma memously, the plasma membrane of the whole cell rapidly brane. For instance, in Figure 2 the fluorescence indestained ( Figure 1A , image f). An idea of the timecrease in the terminal during the 1 min application of course is given by the rapid decline in the fluorescence Ca 2ϩ was 2.75 times the fluorescence associated with of the cell body ( Figure 1B) . The rapid loss of fluoresthe plasma membrane, indicating that the rate of vesicle cence from the plasma membrane of the terminal was cycling was equivalent to 4.6% of the terminals memsimilar in size to the initial increase in fluorescence obbrane area per s. In 12 similar experiments, the initial served on the addition of the dye. This confirmed that rate of vesicle cycling when continuously depolarizing the surface area of the terminal had not increased and in 50 mM KCl and 2.5 mM Ca 2ϩ was 3.6% Ϯ 0.3% of that the Ca 2ϩ -dependent increase in the fluorescence the plasma membrane surface area per s. was all associated with internal membranes. The vast An approximate calibration of the fluorescence sigmajority of the membranes within the bipolar cell terminals associated with vesicle cycling was made using nal form small vesicles or mitochondria (von Gersdorff the assumption that the concentration of FM1-43 in the et al., 1996; see also Figure 7 ), so it seems safe to membrane of a newly endocytosed vesicle was the assume that the dye had accumulated within synaptic same as that in the plasma membrane (see also Smith vesicles. Ultrastructural work by Henkel et al. (1996) and Betz, 1996) . As with any imaging method, light was has directly demonstrated that FM1-43 accumulates in not collected from the whole cell, but we assumed that synaptic vesicles at the frog neuromuscular junction.
the fraction of light collected from stained vesicles was the same as that collected from the plasma membrane. Electron microscopy of single isolated cells demon-
Use of FM1-43 to Monitor Continuous Exocytosis
The relatively constant surface area of the terminal durstrated that the plasma membrane of the terminal was smooth rather than convoluted, and serial sectioning ing accumulation of FM1-43 indicated that endocytosis and exocytosis were roughly balanced and so allowed with a confocal microscope indicated that the synaptic terminal was approximately hemispheric (neither of us to use the increase in fluorescence as an index of exocytosis. However, exocytosis of labeled vesicles these are shown). The membrane area of a terminal of diameter dt was therefore taken as 1/4dt 2 (the flat surcould also be measured independently of endocytosis by monitoring the decrease in FM1-43 fluorescence after face on the cover slip) plus 1/2dt 2 (the hemisphere). The membrane area of a vesicle of diameter dv is dv 2 , the dye was removed from the medium. Figure 2 shows another experiment where the cell was continuously deso the surface area of the terminal was equivalent to about (3/4)•(dt/dv) 2
•vesicles. dt could be measured from polarized in 50 mM KCl. First, FM1-43 was added in the absence of Ca 2ϩ , and the increase in fluorescence differential interference contrast images of the terminal, and was 12 m for the cell in Figure 2 . d v was measured associated with the plasma membrane measured. Endocytosis was then stimulated for 1 min by the addition from electron micrographs as 36 nm (Experimental Procedures and see Figure 7 ). Thus, the initial rate of exoof 2.5 mM Ca 2ϩ , when there was a 275% increase in the fluorescence of the terminal. When FM1-43 was recytosis in Figure 2 was estimated to be 3800 vesicles per s and the average in 12 cells was 2700 vesicles per moved, the rapid decrease in fluorescence (measured from the peak to the point just before Ca 2ϩ was added s. Rates of cycling could be estimated in this way only from the initial rates of FM1-43 uptake. At later times,
The Pool of Releasable Vesicles Was Localized
The staining pattern observed after synaptic vesicles the rate of fluorescence increase gradually fell (see Figure 1B) , presumably because as the fraction of releaswere labeled with FM1-43 in the bipolar cell terminal was different from that found in the terminal of moable vesicles labeled by dye increased, so did the rate of dye loss by exocytosis.
torneurons at the frog neuromuscular junction (Betz et obtained after exocytosis of dye-labeled vesicles had occurred and shows that the dye was lost from the periphery. In contrast, the amount of dye in the central zone increased. The time-course of these dye movements is shown in Figure 3D , which plots the total fluorescence in the terminal together with the fluorescence in the central and peripheral zones. On adding Ca 2ϩ , the fluorescence rose rapidly in the periphery, but more slowly in the center. When vesicle cycling was blocked by removing Ca 2ϩ (complete within 3 s), the total fluorescence remained constant, but the intensity in the periphery fell while that in the center rose. This indicates that vesicles carrying the dye had continued to move centrally and that these movements did not require Ca al., 1992) or in rat hippocampal cell cultures (Ryan et How are continuously high rates of exocytosis mainal., 1993). In those cells, dye-labeled vesicles remain tained? In Figure 2 , for instance, about 230,000 vesicles localized, appearing as discrete hot spots, about 0.5-1 were released over a 1 min period. Capacitance meam across, immediately adjacent to the plasma memsurements from bipolar cell terminals by von Gersdorff brane. However, Figure 1A shows that in the bipolar and Matthews (1994a) have shown that endocytosis can cell terminal, labeled vesicles appeared as a continuous begin within 200 ms of exocytosis, but how quickly does bright ring around the periphery. The distribution of an endocytosed vesicle become available for release? FM1-43 was studied with greater spatial resolution using
Maintaining the Vesicle Cycle
The experiment in Figure 4 places an upper limit of 1 min confocal microscopy. Figure 3A shows a series of fluoon such a "repriming" time. The cell was continuously rescent images of the terminal of an intact cell obtained depolarized in the presence of 50 mM KCl containing using the protocol shown in Figure 3D . Image a was 2.5 mM Ca 2ϩ and FM1-43 applied as a 1 min pulse. obtained after adding FM1-43 in the absence of Ca 2ϩ Separation of the fluorescence signals arising from dye and shows that there were no obvious hot spots when in the plasma membrane and internalized dye was more only the plasma membrane was stained. Images b-e difficult in this experiment, because the two phases of were obtained after addition of Ca 2ϩ and show the graddestaining could not be separated by manipulating exual accumulation of dye within a zone extending about ternal Ca 2ϩ (compare Figures 1 and 2 ). However, exo-2 m from the plasma membrane. Discrete hot spots cytosis of labeled vesicles began immediately after the became apparent just under the plasma membrane, as dye was removed, as indicated by the continuous deshown in Figure 3B , 30 s after vesicle labeling was initicline in fluorescence beginning immediately after the ated by the addition of Ca 2ϩ . The hot spots became rapid destaining of the plasma membrane ( Figure 4A ). indistinct as the fluorescence moved away from the To measure selectively uptake and loss of the dye plasma membrane. They may represent areas where from within the synaptic terminal, we subtracted the endocytosis occurred at particularly high rates, and it component of the signal arising from the plasma memis tempting to speculate that these are close to the dense brane using the signal from the cell body, and the result bodies that are specialized for exocytosis of synaptic is shown in Figure 4B . This approach rests on the observesicles.
vations that the plasma membrane of the terminal and It was often possible to identify two functional zones cell body stain and destain at the same rates and that within the terminal: a peripheral region, extending about no endocytosis occurs in the cell body (Figures 1 and 2 m from plasma membrane, which became rapidly 2). The edge of the cell stains brightest when the dye occupied by labeled vesicles, and a central zone into is added, so the perimeter of the region in the cell body which the fluorescence spread more slowly. Figure 3C was set to be equal to the perimeter of the synaptic plots the intensity profile across the terminal for three terminal. When this was done, the rapid fluorescence images from Figure 3A . Profile a represents the staining increase observed on adding the dye was the same in of the plasma membrane. Profile f was obtained immedithe cell body region and terminal (as in Figure 1 ). Figure ately after dye accumulation was blocked by removal 4B confirms that there was no appreciable delay beof Ca 2ϩ and shows the accumulation of dye in the peripheral zone (defined by the dashed lines). Profile l was tween the end of the labeling period and the beginning of dye loss by exocytosis. Similar results were observed immediately after. In Figure 4 , the dye internalized during the 1 min exposure to FM1-43 was equivalent to about in 15 other experiments where FM1-43 was applied for 1 min. In comparison, the minimum repriming time is 1.54 times the initial fluorescence increase observed on staining the plasma membrane. For a terminal 10.5 m 15-30 s for vesicles at the frog neuromuscular junction (Betz and Bewick, 1992) and 60 s for vesicles in cultured in diameter, this represents the staining of about 98,000 vesicles. The rate of dye loss measured immediately hippocampal neurons (Ryan and Smith, 1995) .
The release of dye within 1 min of vesicle labeling after was 19% of the rate of accumulation by simple comparison of the gradients. Thus, if exocytosis and indicated that newly endocytosed vesicles became available for exocytosis within this period. Dye loss ocendocytosis were balanced, 98,000 vesicles represented the filling of 19% of the releasable pool of 520,000 curred exponentially, indicating that labeled vesicles had a fixed probability of release. In Figure 4B , the timevesicles. In Figure 2 , where it was not necessary to subtract the plasma membrane signal, 230,000 vesicles constant was 180 s. These observations are consistent with a model in which the mean lifetime of a vesicle were labeled in 1 min and the initial rate of dye loss was 17% of the rate of accumulation, indicating that the between endocytosis and the next round of exocytosis was 180 s under these condtions of continuous depolarreleasable pool comprised 1.35 million vesicles. In ten similar experiments, the total number of releasable vesiization. In comparison, vesicle clusters at frog neuromuscular junctions stimulated at 10 Hz destain with a cles was estimated to be 740,000 Ϯ 90,000. This kinetic approach can be compared with recent three-dimentime-constant of about 120 s (Betz and Bewick, 1993) , and boutons in hippocampal neurons, also stimulated sional reconstructions of two bipolar cell terminals, from which it was estimated that one terminal contained at 10 Hz, destain with a time-constant of 20 s (Ryan et al., 1993) . about 480,000 vesicles and the other about 910,000 (von Gersdorff et al., 1996) . How large is the pool of releasable vesicles? We could not estimate this quantity from the saturated level of dye uptake, because, as shown in Figure 3 , there was Continuous Dye Accumulation Stimulated by Depolarization a time-dependent immobilization of the dye toward the center of the terminal. We therefore used an approach To investigate how depolarization stimulated the vesicle cycle, FM1-43 fluorescence was monitored in a voltagethat compared the rate of dye uptake during a short exposure to FM1-43 with the rate of release measured clamped cell while the average free Ca 2ϩ concentration Gersdorff and Matthews (1994a) cannot be attributed to their use of whole-cell recording.
An important feature of the experiment in Figure 5 was that vesicle cycling was maintained at a high rate throughout the 27 s depolarization, leading to the release of about 38,000 vesicles. The terminal of the depolarizing bipolar cell has about 60 release sites, each with about 110 vesicles attached (von Gersdorff et al., 1996) . pool and its proximity to the plasma membrane may (B) The signal arising from dye internalized in the terminal was obhave underlied this process.
tained by subtracting the signal from the cell body. The dashed curve is an exponential with a time-constant of 180 s; 19% of the dye was retained.
Stimulation of Vesicle Cycling by the Release of Caged Ca

2؉
The opening of a Ca 2ϩ channel in the plasma membrane ([Ca 2ϩ ]i) in the terminal was simultaneously measured with the fluorescent indicator Fura-2 ( Figure 5 ). These generates a "calcium microdomain" in which [Ca 2ϩ ] i levels of the order of 100 M extend about 10 nm from experiments were carried out in normal Ringer's solution. Initially, the membrane potential was held at Ϫ60 the channel (Smith and Augustine, 1988) . Although the experiment in Figure 5 showed that a spatially averaged mV to keep the L-type Ca 2ϩ channels in the terminal closed (Heidelberger and Matthews, 1992 ] i rapidly recovered to 150 nM, when the rate of exocytosis slowed again. Similar results were observed in three cells. Uptake or loss of FM1-43 was not caused by exposure to UV light in the absence of NP-EGTA or after most of the NP-EGTA loaded into a cell was photolyzed.
The rate-limiting step for vesicle cycling was therefore controlled by [Ca 2ϩ ]i levels that also occurred in the bulk cytoplasm during depolarization (see Figure 5 ). In fact, Ca 2ϩ microdomains apparently did not play any essential role in vesicle cycling in this terminal, because endocytosis could also be stimulated by [Ca 2ϩ ] i levels of a few hundred nanomolar when Ca 2ϩ influx was blocked by removing external Ca 2ϩ , as shown in Figure 6C . In this example, endocytosis was stimulated at a peak rate of 2.6% of the membrane surface area per s of the terminal, corresponding to about 1700 vesicles per s. The rates of vesicle cycling measured in response to the release of caged Ca 2ϩ were similar to those measured in response to depolarization (compare Figure 5) . Similar results were observed in three cells.
Discussion
Bipolar cells receive a glutamatergic synaptic input from photoreceptors and make contact with ganglion cells that send visual signals back to the brain along the optic (Saito et al., 1978; Dowling, 1987) , and our results dem- bipolar cell is specialized for the tonic release of neuroThese experiments were done using a PMT rather than a camera.
transmitter. High rates of exocytosis and endocytosis submicromolar rises in [Ca 2ϩ ]i (Figure 6 ), whereas transient exocytosis requires Ca 2ϩ concentrations of hundreds of micromolar (Llinas et al., 1992; Stanley, 1993 ; stimulating endocytosis at a rate of about 2.1% of the membrane surface area per s, or 1600 vesicles per s. DeBello et al., 1993) . A continuous vesicle cycle that responds to changes in cytoplasmic Ca 2ϩ appears well Similar results were observed in five other cells.
Exocytosis was also reversibly stimulated by [Ca 2ϩ ] i suited to transmitting the graded visual signals processed through bipolar cells. levels below 1 M, as shown in Figure 6B . First, a population of vesicles was labeled by applying FM1-43 in 50
The maintenance of continuous high rates of exocytosis in the bipolar cell terminal must have required mM KCl and 2.5 mM Ca 2ϩ , when [Ca 2ϩ ] i was raised to the continuous refilling of the release zones, and similar neurotransmitter will occur without complete uptake or loss of FM1-43 (see, for instance, the discussion in conclusions have been drawn from work on the ribbon synapse of saccular hair cells (Parsons et al., 1994) . Henkel and Betz, 1995 ] i rises below 1 M were sufficient to trigger exocytosis at rates up to 2000 vesicles per s, pretation requires reinvestigation. Indeed, the fall in membrane area observed after short depolarizations besimilar to the rates observed during depolarization. Thus, although we do not know the dissociation congan as soon as it could be measured by von Gersdorff and Matthews (1994a), suggesting that exocytosis and stant of the Ca 2ϩ sensor, its physiological action occurs in the sub-micromolar range. Similar or slightly higher endocytosis might both occur during depolarization. If this were the case, at least a part of the transient capaci- [Ca 2ϩ ]i levels trigger secretion of large dense-core vesicles from chromaffin cells (Augustine and Neher, 1992) , tance increase might represent a temporary imbalance between continuous exocytosis and endocytosis. Such pituitary melanotrophs (Thomas et al., 1990) , and from the somata of dorsal root ganglion neurons (Huang and an imbalance is expected, since exocytosis of vesicles must precede endocytosis, and recent capacitance Neher, 1996) . In contrast, secretion of small vesicles from the squid giant synapse requires [Ca 2ϩ ] i levels of measurements of secretion at the ribbon synapse of rod photoreceptors have been interpreted in this way (Rieke the order of 100 M (Adler et al., 1991; Llinas et al., 1992). and Schwartz, 1996) . In saccular hair cells, endocytosis can be blocked by whole-cell dialysis, so that exocytosis Transient capacitance increases in the giant terminal of bipolar cells required [Ca 2ϩ ]i to rise above 15-50 M is associated with an easily measured increase in membrane capacitance. At this ribbon synapse, exocytosis (von Gersdorff and Matthews, 1994a; Heidelberger et al., 1994) . This observation might be reconciled with the also occurred at constant high rates for periods of seconds (Parsons et al., 1994) . results we present if there were two mechanisms of secretion in the bipolar cell terminal: a continuous mechAlthough the balance of the evidence indicates that continuous exocytosis can occur at ribbon synapses, anism triggered by a Ca 2ϩ sensor of relatively high affinity, and a faster transient mechanism triggered by a Ca 2ϩ von Gersdorff et al. (1996) have suggested that a step depolarization of the depolarizing bipolar cell only stimusensor of relatively low affinity. Goda and Stevens (1994) have provided evidence for the existence of two Ca 2ϩ lates the transient secretion of the small pool of vesicles already tethered to the dense body. The rise in capacisensors in cultured hippocampal neurons. Fast transmitter release, synchronized to the action potential, is tance corresponded to the rapid release of at least 5000 vesicles within 200 ms of depolarization, whereas the mediated by a low affinity Ca 2ϩ sensor that is probably synaptotagmin I (Geppert et al., 1994) . The second, maximum rate of continuous exocytosis that we measured was about 3800 vesicles per s. The possibility slower, component of release is less efficient and decays with a time-constant of about 100 ms, probably that both transient and maintained secretory responses occur in the bipolar cell terminal might be investigated reflecting the fall in cytoplasmic Ca 2ϩ back to basal levels. The identity of the high affinity Ca 2ϩ sensor that if FM1-43 measurements with better time-resolution could be combined with capacitance measurements, as mediates this asynchronous component of release is not known (Neher and Penner, 1994) . These observations has been done in bovine chromaffin cells (Smith and Betz, 1996) . Such a combination of techniques might at a central synapse may be related to the short-term augmentation of both evoked and spontaneous transalso allow investigation of the possibility that not all vesicles undergoing exocytosis collapse into the plasma mitter release observed at the neuromuscular junction after a tetanus (reviewed by Zucker, 1989) . Augmenmembrane. It might be that some vesicles only join the plasma membrane through an exocytic fusion pore that tation at the crayfish neuromuscular junction is associated with Ca 2ϩ levels below 700 nM (Delaney and Tank, rapidly closes ("kiss-and-run"), when discharge of small 
Experimental Procedures
1994), which are thought to act at a site distinct from that eliciting fast secretion (Kamiya and Zucker, 1994) .
Fluorescence Imaging of FM1-43
It may therefore be that most synapses contain both Depolarizing bipolar cells were acutely dissociated from the retinae high and low affinity Ca 2ϩ sensors that regulate secreof goldfish by papain digestion, using methods previously described tion, but utilize these parallel pathways to different de- (Tachibana and Okada, 1991) . The Ringer's solution contained the following: 120 mM NaCl; 2.5 mM CaCl2; 2.5 mM KCl; 1 mM MgCl2;
grees. Perhaps the pathway mediated by the high affinity 10 mM glucose; 10 mM HEPES (pH 7.3). 0 Ca 2ϩ solutions were made Ca 2ϩ sensor is more efficient at the ribbon synapse, by omitting CaCl2 and adding 1 mM EGTA. Solutions containing 50 because vesicles are supplied to the release zones mM KCl were prepared by iso-osmotic replacement of NaCl. The faster than they are at conventional synapses. The unmembrane potential in 50 mM KCl was 0 mV. FM1-43 (Molecular usually large pool of releasable vesicles that we deProbes) was used at 10 M. Fluorescence imaging with a CCD camera (Photometrics EEV37) was carried out on an inverted microscribe, its localization to a region close to the plasma scope (Zeiss Axiovert 10) using a Zeiss 40ϫ Fluar oil objective (NA membrane, and rapid replenishment by newly endocy- synapse.
Phototoxicity often became evident after 15 min or more of image 35,000ϫ, and the negatives scanned at 320 dpi and imported into NIH Image. The perimeter of vesicles was traced through the middle collection, when the terminal expanded and took on a granular appearance. Solutions were gravity fed and applied to the imaged of the membrane thickness and this value divided by to estimate the vesicle diameter, assuming the vesicle to be a sphere. The inner cell using an array of quartz pipes (100 m i.d, WPI), allowing solution changes within 1 s. Analysis was carried out using NIH Image and delimiting edge of the membrane was sometimes less distinct than the outer edge, perhaps because such vesicles were not completely Igor Pro (Wavemetrics) software.
Confocal microscopy was carried out using an MRC-600 with enclosed within the section. Such estimates would tend to bias our average toward a smaller diameter. However, there was no clear Argon Ion laser mounted on a Nikon Optiphot upright microscope with a 60ϫ Nikon PlanApo oil objective (NA 1.4). The confocal aperbasis for rejecting such measurements, and the distribution observed when including them was not skewed, so they were included ture was set to three small divisions to obtain optical sections about 1 m thick. FM1-43 was excited using the 488 nm line of the laser in the average. An example micrograph is shown in Figure 7A . The distribution of vesicle diameters was normal, with a mean of 36 nm and emission collected through a 515 nm long-pass filter. The chamber was closed ‫001ف(‬ l volume), and complete solution exchange and standard deviation of 5.7 nm (n ϭ 527) ( Figure 7B ). This value of dv was used to estimate rates of vesicle cycling. In comparison, occurred within 3 s.
d v of small vesicles in the goldfish bipolar cell terminal was measured as 29 nm by von Gersdorff et al. (1996) . Using this value would Electrophysiology and Ca 2؉ Measurements increase our estimates of rates of vesicle cycling by 54%. Cells were whole-cell voltage-clamped using an EPC-9 amplifier (HEKA). The solution in the patch pipette contained the following: Acknowledgments 110 mM K gluconate; 4 mM MgCl 2 ; 3 mM Na 2 ATP; 1 mM Na 2 GTP; 1 mM BAPTA; 25 mM HEPES (pH 7.2). Electrodes (resistances 5-8
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Measuring Vesicle Diameters
DeBello, W.M., Betz, H., and Augustine, G.J. (1993) . Synaptotagmin The diameter of small synaptic vesicles (dv) was measured in two and neurotransmitter release. Cell 74, 947-950. bipolar cell terminals obtained from radial sections of a piece of goldfish retina. The retina was peeled from the eyecup, placed in Delaney, K.R., and Tank, D.W. (1994) . A quantitative measurement 0.1 M PIPES buffer and cut into quarters. These were fixed for 4 hr of the dependence of short-term synaptic enhancement on presynat 4ЊC in buffer containing 3% glutaraldehyde, 2 mM CaCl2, 0.1% aptic residual calcium. J. Neurosci. 14, 5885-5902. hydrogen peroxide, and 2% polyvinyl pyrolodone (M⍀ 40,000). RetiDowling, J.E. (1987) . The Retina: An Approachable Part of the Brain nal pieces were rinsed in buffer, then treated for 1 hr at 4ЊC with (Cambridge, Massachusetts: Harvard University Press). 1% osmium ferricyanide and 2 mM CaCl 2 . After rinsing, the retinal Dowling, J.E., and Ripps, H. (1973) . Neurotransmission in the distal pieces were treated with 1% uranyl acetate buffered in maleate, retina: the effect of magnesium on horizontal cell activity. Nature then dehydrated in a series of ethanols. The tissue was embedded 242, 101-103. in Epon and radial sections were cut at thicknesses of about 55 nm. To measure synaptic vesicles, the terminals were photographed at Ellis-Davies, G.C.R., and Kaplan, J.H. (1994). Nitrophenyl-EGTA, a
